Summary Risk for falls and fractures increases after breast cancer or other cancer diagnosis in postmenopausal women. Factors other than falls may be the major causes for the increased fracture risk. Introduction Cancer treatment and prognosis may have detrimental effects on bone health. However, there is a lack of prospective investigations on fracture risk among incident cancer cases. Methods In this study, postmenopausal women (N = 146,959) from the Women's Health Initiative prospective cohort, who had no cancer history at baseline, were followed for up to 9 years and classified into no cancer, incident breast cancer (BC) and incident other cancer (OC) groups. The main outcomes measured were incident fractures and falls before and after cancer diagnosis. Hazards ratios (HR) and 95% confidence intervals (CI) were computed from Cox proportional hazards model.
Introduction
Approximately four in ten white women age 50 or older in the United States will experience a hip, spine or wrist fracture sometime during the remainder of their lives [1] . Even when women have a higher bone density and lower fracture risk before their breast cancer diagnosis [2, 3] , bone loss may be accelerated with cancer treatment and the presence of cancer itself [4] [5] [6] [7] . Recent findings from the Women's Health Initiative (WHI) study [8] have shown a higher fracture risk among women who reported a breast cancer diagnosis history at the WHI enrollment in comparison to postmenopausal women without a history of cancer. However, fracture risk among incident postmenopausal breast cancer cases, as well as the differences in the fracture risk before and after a breast cancer diagnosis in breast cancer survivors are still unknown. As a diagnosis of other cancers may involve some of the same risk factors, such as chemotherapy use, a higher fracture risk after cancer diagnosis may not be unique to breast cancer [9] . Falls are a major risk factor for fractures since 90% of fractures result from a fall [10] . The susceptibility of women to falls related to a diagnosis of breast cancer or other cancer is also understudied.
This objective of this study was to investigate the risk of falls and fractures following a cancer diagnosis in postmenopausal women. We hypothesized that: (1) in comparison to their postmenopausal peers, women who are diagnosed with invasive breast cancer have significantly higher risk for fracture after their breast cancer diagnosis but not before the diagnosis; (2) fracture risk increases in postmenopausal women diagnosed with other cancer; (3) the risk of falls elevates after, but not before, women are diagnosed with either breast cancer or other cancer; and (4) the cancer-related increase in fall does not fully explain the higher fracture risk associated with a cancer diagnosis.
Materials and methods

Participants
This report was based on the data collected in the WHI. Details regarding the WHI study design and recruitment method have been published elsewhere [11, 12] . The primary aim of the WHI was to investigate risk factors of and intervention effects on cancers, cardiovascular diseases, and osteoporotic fractures, in a large multiethnic cohort of postmenopausal women in the United States. WHI included four clinical trials (CT) and one observational study (OS). Participants were recruited at 40 WHI clinic centers across the nation. The major inclusion criteria were being postmenopausal, age between 50 and 79, not participating in other clinical trials at the time of enrollment, and not likely to die or move within 3 years.
Additional exclusion criteria were applied to the participants in the CT. Women who had no history of cancers before the WHI enrollment were included in our analyses. Among them, 81,601 women were in the OS and 65,358 in the CT. The average (SD) follow-up time, from randomization in the CT or enrollment into the OS, was 7.8 (1.7) years. In our analysis, women were classified into three groups based on their follow-up result: no cancer, incident invasive breast cancer (BC), and other incident cancer (OC).
Data collection
At baseline, participants completed a set of questionnaires regarding demographics, medical history, health status, reproductive history, medication, physical activity, dietary intake, fracture history, and other lifestyle factors. Height and weight measurements were also conducted during the initial clinical visit. Follow-up information on selected health outcomes, medication, and lifestyle factors was collected from self-administered questionnaires annually in the OS participants and biannually in the CT participants. Self-reported incident cancer diagnoses were adjudicated by physician reviews of medical records and pathology reports at each clinical center. Information on estrogen receptors from pathology reports and selected breast cancer treatment was used in some analyses.
Among CT participants, all self-reported fractures were confirmed by trained physician adjudicators reviewing medical records and reports. For OS participants, only hip fractures were adjudicated and the remaining fractures were based on self-reported information. No study X-rays were examined for the presence of subclinical vertebral fractures. In a WHI validation study, agreement between self-reported fracture and clinical chart review was over 70% on average, although it varied by skeletal sites [13] . In this report, the total fracture category included all clinical fractures excluding factures of face, skull, toe, finger, rib, and chest. Data on the number of falls during the follow-up were ascertained from annual or semiannual self-reports.
Statistical analysis SAS/STAT (version 9.1.3 for Windows, SAS Institute, Cary, NC, USA) program was used. All the tests were two-tailed and at a significance level of 0.05. Age-adjusted annual incidence rates were calculated for hip, clinical vertebral, forearm, and total fractures by cancer group and by pre-and post-diagnosis period. The same approach was used to compute age-adjusted annual incidence rates for falls.
Primary analyses used time-to-event methods based on the Cox proportional hazards model, with time from randomiza- [14] . Women who were diagnosed with breast cancer in situ were included in the Cox proportional hazards model and censored after their breast cancer in situ diagnosis.
The possibility that baseline characteristics may confound the relationship of exposure to the outcome variables was accommodated by including baseline risk factors of fracture previously described [15] ; we used a slightly finer adjustment by differentiating between estrogen + progesterone and estrogen-alone use and instead of adjusting for body mass index, we adjusted for height (linear and quartiles) and weight (linear and quartiles). We also included family history of cancer (yes/no), Gail risk (linear and quartiles), total calcium intake (linear and quartiles), total vitamin D intake (linear and quartiles), total energy (linear and quartiles), physical activity (linear and quartiles), alcohol intake (linear and quartiles), diet modification (DM) treatment assignment, hormone therapy (HT) assignment, calcium/vitamin D (CaD) supplementation assignment, and history of fracture after the age of 55 and allowed baseline hazard functions to vary by age (5 years).
For the secondary analyses, we divided incident breast cancer by receptor status and differentiated estrogen receptor positive (ER+) breast cancer by users and non-users of tamoxifen; these exposure variables were also treated as time-varying dichotomous covariates. We investigated whether the number of falls (≥2) and change in height from baseline were intermediate outcomes or independent risk factors by including them as time-varying covariates [16] . To explore possible explanations for an increased fracture or fall risk after a cancer diagnosis, a descriptive analysis was conducted among participants in the WHI CT to show differences in using osteoporotic-related medications and selected cancer treatments.
Results
This study included a total of 146,959 women. Among them, 132,840 had no cancer diagnosis at baseline or during the follow-up; 4,804 were diagnosed with invasive breast cancer; 1,073 with non-invasive breast cancer (in situ); and 8,242 with other types of cancers, including colorectal (16.3% of other cancers), lung (13.1%), endometrial (9.4%), melanoma of the a From a one-way ANOVA skin (9.2%), and non-Hodgkins lymphoma (6.6%). Given the large sample size, most of the baseline characteristics were statistically different between groups (Tables 1 and 2) . However, these groups were comparable in the percentage of parents who ever had a broken bone after age 40 (p< 0.95). The percentage of women with a fracture after age 55 in the incident invasive BC group (11.7%) was similar to the non-cancer group (12.0%), but it was higher in the OC group (14.6%, p<0.001).
Age-adjusted annual incidence rates of fractures and falls were presented in Table 3 . Fracture incidence rates increased after breast cancer or other cancer diagnosis. Before cancer diagnosis, annualized incident hip fracture rates were 0.13% and 0.15% for the BC and the OC group, respectively, and these rates were similar to the rate for the non-cancer group (0.15%). After a cancer diagnosis, the annual incidence rates of hip fractures increased to 0.25% in the BC group and 0.40% in the OC group. The ageadjusted incidence rate of falls (two or more falls) was also slightly higher after cancer diagnosis, but not before. We also limited the analysis on the annual percent of total fracture to 2 years as well as 1 year before the cancer diagnosis. The results showed similar patterns as in Table 3 , suggesting fracture risk was relatively lower before breast cancer diagnosis, but was higher before other cancer diagnosis in comparison to women without a cancer diagnosis (data not shown).
Multiple potential confounding factors, as suggested by the analyses in Tables 1 and 2 , were examined with the fracture and fall outcomes. The following variables were adjusted in all the Cox proportional hazards model: age (linear), years since menopause, ethnicity, education, living with a partner, smoking, general health, parity, duration of E-alone at baseline, duration of E+P at baseline, sedatives or psychotics or hypnotic drug use, depressive symptoms or anti-depressant use, arthritis, corticosteroid use ≥2 years, weight (quartiles, linear), height (quartiles, linear), total energy expended from physical activity (linear, quartile), total calcium intake (logged linear, quartiles), total vitamin D intake (logged linear, quartiles), total energy intake (logged linear, quartiles), total alcohol intake (linear, quartiles), high caffeine, parental fracture after age 40, family history of cancer, Gail score (quartiles, linear) and stratified by age (5-year groups), HT trial assignment, DM trial assignment, CaD trial assignment, study participation, hysterectomy status, and history of fracture after 55 years of age.
Results from Cox proportional hazards model (Table 4 ) showed 15% and 27% increased risk for falls after BC or OC diagnosis, respectively. The difference in fall risk between the BC and OC was borderline statistically significant (P=0.07). In a secondary data analysis, the risk of falls did not increase in BC who had estrogen receptor negative tumors. In comparison to the no-cancer group, hip fracture risk significantly increased after BC or OC diagnosis (Table 5) . After adjusting for covariates, the hazards ratio (HR) of hip fracture was 1.55 (95% confidence interval [95% CI] = 1.13 to 2.11) in women with incident breast cancer and 2.09 (95% CI=1.65 to 2.65) in women with incident other cancer. The increased hip fracture risk seemed more obvious in the ERgroup. Although fall is a significant risk factor for hip fracture, HR=2.05 (95% CI=1.82, 2.31 and p<0.001), the increased number of falls did not explain the increased hip fracture risk in incident cancer cases. After adjusting for falls, as a time-dependent covariate, the HR (95% CI) were 1.54 (1.13, 2.11) and 2.09 (1.65, 2.64) for BC and OC, respectively, which were very similar to the results in Table 5 .
There were apparent increases in clinical vertebral fracture risk in breast cancer cases and in other cancer cases ( Forearm fracture risk did not increase after breast cancer diagnosis (HR=1.00) and increased slightly for other cancer diagnosis (HR=1.07), but the amount of increase was small and did not reach statistical significance (Table 7) . A significant increase in total fracture risk (HR=1.33; 95% CI=1.18 to 1.49) was found in women diagnosed with cancer other than invasive breast cancer (Table 8) . In an exploratory analysis about the potential explanations for the increased risk of fractures, age-adjusted frequencies of selected medication use for the WHI CT was calculated and presented in Table 9 . The percentage of Tamoxifen use increased to 40.3% and the percentage of aromatase inhibitors use increased to 7.3% after breast cancer diagnosis. The percent of women on tamoxifen and aromatase inhibitors for other cancer was small. The use of bisphosphonates was more common (13.2%) in the nocancer group than the BC or OC group either before (BC= 2.8%, OC=4.5%) or after the cancer diagnosis (BC= 10.7%, OC=6.5%). Less than 0.5% women who were on antiestrogen used Fareston (toremifene citrate) instead of tamoxifen (data not shown).
Though not statistically significant, tamoxifen use was associated with a lower fracture risk. The HR of total fracture was 0.95 (95% CI=0.72, 1.26) for women without tamoxifen therapy and 0.78 (95% CI=0.51, 1.18) for women with tamoxifen therapy and ER+ BC. Aromatase inhibitors significantly increased risk of fractures in women with ER+ breast tumors: the HR for the total fractures was 2.76 (95% CI=1.28, 5.92) for aromatase inhibitors users and 0.83 (95% CI=0.65, 1.06) for the non-users. It should be noted that the number of fractures was small in these groups; of the 102 total fractures cases in the CT who had an ER+ invasive breast cancer, 51 were tamoxifen users after incident breast cancer, while 51 were non-users and 12 were aromatase inhibitor users after incident invasive breast cancer and 90 were not. Fracture risk could not be assessed among the few participants taking raloxifene.
Discussion
This study provides new evidence indicating that while incident cancer cases did have a comparable fracture risk as b From a proportional hazards model using covariates and stratification variables described in Table 4 . c From the described proportional hazards model testing whether the hazard ratio is different from unity. d From the described proportional hazards model testing whether the hazard ratio for breast cancer, or breast cancer type, is different from the hazard ratio for other cancer. e 2,033 vertebral fractures = 1,868 fractures from the no-cancer group + 127 fractures prior to incident other cancer + 31 fractures prior to incident invasive breast cancer + 7 fractures prior to incident non-invasive breast cancer b From a proportional hazards model using covariates and stratification variables described in Table 4 . c From the described proportional hazards model testing whether the hazard ratio is different from unity. d From the described proportional hazards model testing whether the hazard ratio for breast cancer, or breast cancer type, is different from the hazard ratio for other cancer. e 4,938 lower arm fractures = 4,676 fractures from the no-cancer group + 157 fractures prior to incident other cancer + 84 fractures prior to incident invasive breast cancer + 21 fractures prior to incident non-invasive breast cancer their non-cancer peers of the same age before they were diagnosed with cancer, both fracture and fall risks are significantly elevated after a diagnosis of either breast cancer or any other cancer in postmenopausal women. The increased fracture risk is even more notable after a diagnosis of cancer other than invasive breast cancer. Several factors have been considered as the potential causes for a higher fracture risk in postmenopausal breast cancer survivors. Chemotherapy, aromatase inhibitor use, and the tumor itself may all direct and indirectly interfere with normal bone metabolism [17] . It is well-known that bone metastases increase the risk for pathological fractures. Contraindication of postmenopausal hormone therapy after breast cancer therapy is common, especially in hormonally sensitive breast cancer survivors, and it may increase bone turnover rate and eventually lead to a higher fracture rate. However, an increased risk of fracture in breast cancer survivors has been identified in some [8, 18, 19] , but not all reports [20] .
Previously, we reported that WHI OS participants with a breast cancer history at baseline had a significantly increased risk of clinical fractures (except for hip fractures) in comparison to women who did not have any cancer history [8] . Unfortunately, more than 77% of cancer survivors who had osteoporosis were undiagnosed at the time of WHI enrollment. The results reported here have not only confirmed our findings on a higher fracture risk among breast cancer cases, but also provided the first piece of prospective evidence showing that the higher fracture risk was only evidenced post-cancer diagnosis, not before.
Interestingly, there are some discrepancies on skeletal sites for the increased fracture risk between this current study using incident breast cancer cases and the previous report with the prevalent cases [8] . In the current study, the most remarkably increased fracture risk was found for the hip site, while total fracture risk was not increased after BC diagnosis. In contrast, fracture risk significantly increased for all fractures, but not for the hip fracture risk specifically in the previous report with prevalent breast cancer cases. These may be due to the fact that there were fewer hip fractures, but more other fractures among the prevalent cases in comparison to the incident cases. Whether cancer treatment, time since BC diagnosis, age at BC diagnosis, and the time period for fracture ascertainment contribute to these discrepancies are interesting research questions for future investigation.
The association between hormonal receptor status of breast cancer and fracture or fall risk may well be related in part to the commonly used treatment for such cancer types with tamoxifen. As a partial estrogen agonist, tamoxifen decreases bone mineral density in premenopausal women, but has the opposite effect in postmenopausal women [21] . In the National Surgical Adjuvant Breast and Bowel Project P-1 Study, tamoxifen use resulted in a reduction in hip, radius, and spine fractures compared to placebo in postmenopausal women. In contrast, the use of aromatase inhibitors in this study seemed to increase fracture risk among women with ER+ BC [22] . The elevated fracture risk with aromatase inhibitors use in our study sample is in agreement with the previous findings. To our knowledge, this is the first paper demonstrating that fracture risk is increased in postmenopausal women after a diagnosis of cancers other than breast cancer. Intuitively, some of the risk factors for increased fracture associated with invasive breast cancer, such as use of chemotherapy and bone metastasis, may also contribute to the higher fracture risk in other cancers. Further study is needed to identify high-risk groups of women and to develop strategies to prevent and manage the additional adverse health outcomes associated with cancer.
Falls are a major risk factor for fracture, and the etiology of falls is multifactorial, including: vitamin D insufficiency; an age-related decrease in muscle size and strength; neurological disorders of vision, balance, and coordination; the use of sedatives and other medications, which impair cognition [23] ; and hospitalization. The cause of increased falls seen in cancer patients in this study is not known, but might include all of the above. Falls are very common in older people. Approximately 10-15% of falls in the elderly result in fracture [24] and more than 90% of fractures are associated with a fall [10] . We found a strong relationship between fall and fractures in this study. However, in spite of the increased number of falls after a cancer diagnosis, this higher rate of falling could not explain the higher fracture risk in cancer cases.
Recent findings have suggested that antiresorptive agents may effectively prevent bone loss in breast cancer survivors [25] . It is striking that in our study the percentage of women on bisphosphonates was even lower in breast cancer cases than in women without a cancer diagnosis in spite of the increased fracture risk. Based on our findings, breast cancer patients who have ER+ breast cancer tumors and are on aromatase inhibitors were at higher fracture risk. It is recognized that these women should be evaluated and treated as necessary to prevent fractures. However, our study indicates that fracture prevention needs to be improved in this high-risk cancer survivor population.
To date, this is the largest and most comprehensive prospective study addressing fracture risk, a significant health problem in millions of cancer survivors. The large multiethnic cohort, confirmed cancer diagnosis, adjudicated hip fractures in all women, fracture information before and after cancer diagnosis, and detailed information on tumor receptors and medication use in BC are some major strengths of this study. Nevertheless, the current study has several limitations. Not all fractures used in the analyses were adjudicated. However, we have repeated all the analyses using only the adjudicated fractures in the CT participants and results were similar, suggesting errors in self-reported fractures did not significantly alter the findings of this study. We could not distinguish pathological fractures from other fractures in this analysis. We have used self-reported falls in this study and the validity of this fall assessment tool is uncertain. Assuming the measurement errors in self-reported falls are random, then the relationship between fractures and fall is likely to be underestimated in this study. These limitations have reflected the challenges in prospective investigations on fracture and fall risk in the cancer survivor populations.
In conclusion, a significant increase in fracture risk at selected skeletal sites is seen in postmenopausal women following a diagnosis of invasive breast cancer or other cancer. Despite the higher rate of falls in women with diagnosed cancer, falls are less likely to be the major cause of the increased risk of fracture associated with a cancer diagnosis. Further study is needed to inform development of strategies to reduce the burden of fracture to the large number of cancer survivors in the United States and worldwide.
